In vitro angiogenesis assays are commonly used to assess pro-or anti-angiogenic drug properties. Extracellular matrix (ECM) substitutes such as Matrigel and collagen gel became very popular in in vitro 3D angiogenesis assays as they enable tubule formation by endothelial cells from culture or aortic rings. However, these assays are usually used with a single cell type, lacking the complex cellular interactions occurring during angiogenesis. Here, we report a novel angiogenesis assay using egg white as ECM substitute. We found that, similar to Matrigel, egg white elicited prevascular network formation by endothelial and/or smooth muscle cell coculture. This matrix was suitable for various cells from human, mouse, and rat origin. It is compatible with aortic ring assay and also enables vascular and tumor cell coculture. Through simple labeling (DAPI, Hoechst 33258), cell location and resulting prevascular network formation can easily be quantified. Cell transfection with green fluorescent protein improved whole cell visualization and 3D structure characterization. Finally, eggbased assay dedicated to angiogenesis studies represents a reliable and cost-effective way to produce and analyze data regarding drug effects on vascular cells.
With regard to the limitations of 2D cell culture and in order to provide reliable alternative to animal testing, a variety of in vitro 3D assays have been developed to test angiogenesis inducers and inhibitors. Such assays also provide means to study vascular cell communications, adhesion, and spatial organization following various approaches. In the case of endothelial and mural cell coculture, vascular smooth muscle cells (VSMCs) secrete basement membrane proteins that enable adhesion of endothelial cells (ECs). [1] [2] [3] [4] In addition, proangiogenic factors released by VSMCs promote development and stabilization of capillaries. VSMCs and ECs grow in a three-dimensional (3D) multilayered structure similar to vascular wall structure. Recently, a method using a paper platform for 3D cell culture has been developed. 5 With this method, cell distribution, growth, and migration can be assessed taking into account the differential oxygen and nutrient diffusion among the different cell layers. 6 Other methods use substitutes of extracellular matrix (ECM) such as fibrin, collagen, or Matrigel to induce capillary-like formation principally from ECs. [7] [8] [9] [10] [11] These matrices are commercially available from a variety of providers, enabling a highthroughput screening in multiwell plates. In such matrix, ECs grow and migrate as a network representing a preliminary step of neocapillary formation.
At the interface between in vitro and in vivo models, organotypic assays such as aortic ring implantation in an ECM enable tubule formation from a preexisting vascular wall. 12 Finally, neoangiogenesis can be assessed with the in vivo/ in vitro chick chorioallantoic membrane (CAM) assay, 13 the in vivo Matrigel plug, the zebrafish, and the corneal neovascularization assays. 14 In vitro tests are valuable, can be carried out expeditiously, and lend themselves to quantification. ECM based-assays are most of the time used to study a single cell population, whereas angiogenesis implies different cell type communication and interactions. In vivo tests are more difficult and time consuming to perform, thereby limiting the number of tests that can run at any one time. Quantification is also generally more difficult. As a consequence, angiogenesis assays need to be reliable, cost effective, adapted to cell imaging and labeling, and enable cell interactions studies.
Egg white was recently described as a good alternative of Matrigel for 3D organotypic culture of mammary gland cells. 15 In order to develop a cost-effective and multipurpose angiogenesis assay, we checked whether egg white could constitute a proper substitute of ECM for vascular cell culture. We used cells from human and rat origin to test their growth and migration abilities in such a matrix. We intended to evaluate the feasibility of 'prevascular' network observation during long periods of time as well as observation and quantification of cell organization in three dimensions.
MATERIALS AND METHODS Cell Culture and Chemicals
Epirubicin, sunitinib malate (SU11248), and fingolimod (FTY720) were purchased from LC Laboratories (Woburn, MA, USA). Human umbilical vein endothelial cells (HUVECs) and human umbilical artery smooth muscle cells (HASMCs) were obtained by enzymatic digestion of umbilical vessels. 16 Rat aortic endothelial cells (RAECs) and smooth muscle cells (RASMCs) were obtained from thoracic aorta explants from 3-week-old male Sprague-Dawley rats. 17, 18 Green fluorescent RAECs and RASMCs were obtained with the same methods from GFP-expressing rats kindly given by Ignacio Anegon (INSERM U 643, Nantes, France). After three passages, cells were characterized as endothelial or smooth muscle cells by immunostaining with antibodies directed against Von Willebrand factor (Abcam, Cambridge, UK) or a-smooth muscle actin (Sigma-Aldrich, St Louis, MI, USA). Primary cultures of HUVECs and RAECs were used between passages three and eight and cultured in M199 medium (Life Technologies, Carlsbad, CA, USA) supplemented with EC growth factors (ECGFs, Sigma) and 10% heat-inactivated FBS (BioWhittaker, Walkersville, MD, USA). Primary HASMC and RASMC cultures were used between passages 5 and 15 and were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% heatinactivated FBS. These cultures were maintained at 37 1C, under an atmosphere containing 5% CO 2 . They were passaged before confluence, and the medium was supplemented twice weekly.
Three-Dimensional Cell Culture
According to the previously reported method, 15 egg outer surface was thoroughly washed with ethanol 70%. Under a laminar flow hood, a small hole in the shell was made using sterilized forceps then the egg white was poured into a becher. Egg white was not completely removed from the shell to prevent the egg yolk from mixing with it. The white of 20 eggs was pooled, aliquoted into 15 ml falcon, and stored at À 80 1C until use. For cell culture, we thawed the egg white to room temperature and we added 100 ml of egg white to each well of an 8-well chamber slide or 300 ml per well in a 24-well plate using a 1 ml syringe. Both cell culture supports were incubated at 60 1C in a hybridization oven for 30 min. Once the egg white became semisolid, we seeded the cells in 100 to 500 ml of supplemented medium.
Aortic Ring Assay
After gas anesthesia (2% isoflurane, Baxter, Maurepas, France), GFP-expressing rats were killed by intracardiac injection of urethane according to good animal handling guidelines. Animal thorax was opened with scissors and thoracic aorta was sampled and washed in PBS containing 1% penicillin-streptomycin to remove blood. Aorta was then dissected under binocular optics to remove adventice, and cut into 2 mm pieces that were seeded in egg white matrix.
Cell Labeling and Network Parameter Quantification
To analyze cell network characteristics, cell nuclei were labeled with 100 ng/ml Hoechst 33258 (Sigma) that was added 60 min before the first cell observation. This staining enabled cell nuclei visualization for 2 to 4 days without noticeable induced cell death. Specific cell type identification was carried out after cell fixation with paraformaldehyde 4% and permeabilization with PBS-Triton X-100 0.3%. To characterize the cells forming a network as smooth muscle cells, antia-smooth muscle actin antibody was incubated overnight at 4 1C. Cells were rinsed three times with PBS, and incubated with an Alexa 488-conjugated goat anti-mouse antibody (Molecular Probes, Eugene, OR, USA). Image analysis was performed by two minware independent investigators using a Leica DM IRB microscope linked to a CCD camera driven by NIS-AR software.
Confocal Imaging
Confocal and macroconfocal imaging were respectively performed on a Zeiss LSM510Meta and on a Zeiss AxioZoom V16 equiped with a AxioCam HRm3 S/N 106 camera.
Statistical Analysis
Statistical significance was determined by Mann-Whitney tests using StatView s 5.0 software (SAS Institute, Cary, NC, USA). The minimal level of significance was P ¼ 0.05.
RESULTS

Egg White Selection, Use, and Conservation
We first tested the variety of chicken eggs that are commercially available. Most of the different quality products appeared to be convenient to use as 3D matrix for angiogenesis assay. However, we rejected the cheapest eggs where the white composition and viscosity appeared too heterogeneous. In fact, the white of this sort of eggs appeared much more liquid than those of higher quality. Consequently, it was more difficult to make the egg white become semi-solid after heating to render it a proper matrix for cell culture. We followed a previously described procedure 15 to extract the white from the eggs. By pooling the white of a large number of eggs simultaneously, we obtained enough egg white to carry out experiments over a long period of time with a homogenous cell culture matrix. The use of the same pool of egg white after more than a year of storage at À 80 1C did not seem to affect its physical or biological properties. After freezing, egg white has just to be thawed at room temperature and it can be seeded into multiwell chamber slide or plate. Heating time has to be adapted depending on the egg white volume seeded into the wells between 20 and 45 min for 8-well chamber slides to 12-well plates, respectively. The use of a hybridization oven seemed to produce more homogeny in the egg white heating compared with the heating block previously described, 15 enabling the use of egg white matrix in various cell culture devices.
Egg-Based Assay (EBA) Compatibility and Accuracy Versus Matrigel
Considering that most of angiogenesis assays are carried out on HUVECs, we evaluated the ability of egg white as a multispecies ECM substitute. ECs from humans (HUVECs) and rats (RAECs) appeared to be able to grow, migrate, and organize themselves as 'prevascular' network within 48 h in such a matrix similar to that observed with Matrigel ( Figure 1 ). After that, the cell network weakly changed for 7 days without medium modification such as growth factor or inhibitor addition. For ECs from humans or rats, network formation speeds were comparable. At 48 h after cell seeding, the networks were established and stable for up to 1 week if cell medium was replaced every 2 days. Cells associate themselves as a network almost in a plane in Matrigel. Nuclear staining with Hoechst 33258 suggested that their dispersion in egg white seemed to be in a deeper space and revealed a denser Egg-based assay dedicated to in vitro 3D angiogenesis Y Mousseau et al network for RAECs as compared with that of HUVECs. If HUVEC and RAEC network characteristics were closely similar for a given matrix, cell nodes and cell density appeared significantly higher in egg white than in Matrigel. HUVECs and RAECs organized themselves as a network with a similar kinetic. At 18 h after cell seeding, both cell types were adherent and the early stage of the cellular network could be observed (Figure 2) . After 30 h, the cellular network was clearly visible and was stable after 48 to 60 h. Light or fluorescent microscopy showed obvious cell-specific network differences. HUVEC network was more regular looking like a 'grid' whereas RAEC network was more randomly disposed and composed of large cell nodes linked by cellular filaments of various length and thickness spreading in all directions.
Network Specificity Depending on Multiple Cell Types in Coculture When RAECs and RASMCs were simultaneously seeded in egg white matrix, the resulting cellular network was much more spread in a larger area over 30 mm 2 ( Figure 3a ). For this coculture, three-dimensional cell organization could slightly change until the end of the culture and cell network could be maintained for up to 18 days without significant cell death.
Increased magnification (Figures 3b and c) revealed a network composed of a greater number of cell nodes, and the cell fibers connecting the nodes appeared of bigger diameter (70 vs 26 mm for RAECs only). The a-SMA staining showed a peripheral location of RASMCs around apparent tubules composed of ECs (Figure 3e ). These observations were sustained by 3D processed images from confocal z-stacking of Von Willebrand factor-labeled cells that revealed an internal cavity within the EC fiber mimicking the vascular formation (Figure 3f) . The section view of this 3D construction revealed a cylindrical organization of cell nuclei and did not show any central cell into the fiber (Figure 3g ).
Data quantification of networks composed of ECs or endothelial and smooth muscle cells (ECs þ SMCs) showed that cocultured cells resulted in a significantly more structured Egg (Figures 4a and b,  respectively) . First, the number of cell nodes for a determined area showed that the network obtained from ECs was composed of 60% less cell nodes compared with the cocultured cells. Second, the cell extensions starting from nodes were 60 to 70% shorter in the case of ECs alone. And finally, the network density, defined as a ratio between cell labeling intensity and the area occupied by the cell network, was 50% lower for ECs versus cocultured ones. By using a vascular cell mix obtained by the enzymatic digestion of the thoracic aorta of a GFP-transgenic rat, we observed cells forming an alveolar structure (Figure 5a ). The cells coming from the advantice formed a supportive tissue that stabilized, fed, and oriented EC and SMC organization in egg white (Figures 5b and c) . Cells organize themselves as concentrical circles with a very flat internal cell layer potentially mimicking vascular media surrounding intima, whole embedded in a matrix. This dense and spread cellular structure was stable after 4 days in the egg white. At day 5, we seeded a small section of a rat ostesarcoma tumor obtained by the method previously described. 19 At day 8, the vascular cells have migrated toward ostesarcoma cells making the vascular network strongly directed toward the tumor (Figures 5d and e) .
Aortic Ring Assay
We compared cell sprouting from rat thoracic aorta sections in both Matrigel and egg white (Figures 6a-d) . After 3 to Egg-based assay dedicated to in vitro 3D angiogenesis Y Mousseau et al 5 days of culture, vascular cells sprouting from the aorta pieces could be observed through phase contrast microscopy. To assess that the first cells migrating from aorta wall were ECs , EC staining was performed by using anti-Von Willebrand factor antibodies (Figures 6e and f) . However, cells observation using phase contrast microscopy was much more difficult in the egg white because it contain more fiber elements than Matrigel. Consequently, we seeded 2 mm long pieces of GFP-transgenic rat aortas in egg white. After 3 to 4 days, cells started to sprout from the vascular wall. Cells progressively organized themselves as a network and fully colonized the culture surface after 8 days. Similar to that observed with cell cultures, network development was higher in egg white than in Matrigel (Figure 6g ). 
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Macroconfocal imaging enabled us to scan the entire colonized area by taking pictures of the cells every 16 mm over 1 mm thick in z-stack and by building a 3D image of the network. After 8 days, cells could be spread in the egg matrix over 1 mm in depth and on a surface superior to 80 mm 2 in a 24-well plate, whereas in Matrigel, cells colonized a smaller area and migrated from the aorta wall almost in a plane.
Drug Testing in Egg White Matrix
With the same experimental procedure using GFP-transgenic rat aortas seeded in egg white, we tested and compared with untreated control, epirubicin, sunitinib malate, and fingolimod (Figures 7a-d, respectively ) on cells forming a vascular network. After 8 days, data analysis confirmed observations indicating that epirubicin or sunitinib malate totally inhibited vascular cell organization as a network (Figures 7e and f) . These treatments did not induce a complete cell death, but cells just weakly spread in the aorta wall periphery. Fingolimod induced a network formation delay where cell spreading and organization was roughly comparable to that observed after 6 days without treatment.
DISCUSSION
Considering the results we obtained here with different cell types from various origins, egg white matrix appears to be a proper ECM substitute for angiogenesis assay. The egg white matrix used in our EBA was extracted from commercially available eggs and was compatible with cultured cells from human, mouse (data not shown), and rat origin. As it was described for mammary gland cells, 15 vascular cells had a similar behavior in EBA than in other commonly used 3D matrix such as Matrigel. Regarding the principal cellular target of angiogenesis studies, ECs, their growth, chemotaxis, and spatial organization are closely similar in egg white or in Egg-based assay dedicated to in vitro 3D angiogenesis Y Mousseau et al
Matrigel. However, cell organization in EBA is slightly slower than in Matrigel. Cell network appeared clearly 2 days after seeding in EBA, whereas it can be visible after 1 day in Matrigel. In order to improve comparison, Matrigel was diluted (1/2) to reach comparable network state 2 days after cell seeding. EBA enables endothelial and mural cell coculture and elicits network formation of these cells. We also cultured the whole variety of cells composing the vascular wall in EBA and then observed that cell interactions of this cell blend led to a specific pattern. In such conditions, our EBA showed that cell network formation was dramatically dependent on the single or multiple cell types seeded in such assay. As most of the multiple tyrosine kinase inhibitors in development or already in use in oncology target not only ECs but also mural cells through the platelet-derived growth factor (PDGF) or fibroblast growth factor (FGF) pathway, 20 it could be of great interest to intensify the use of 3D angiogenic assays involving multiple cell types in order to properly address the question regarding the potential of these drugs. Similarly, we showed that we could obtain a 'prevascular' network formation from vascular cells and then a modification of this network induced by the addition of a tumor fragment. The ability to sequentially coculture vascular and tumor cells could potentially participate to distinguish antimitotic and antichemotactic effects of such treatments toward vascular cells. Through network adaptation in response to tumor stimuli, it also showed that vascular reorganization properties were preserved in EBA that represent key properties during tumor Egg-based assay dedicated to in vitro 3D angiogenesis Y Mousseau et al angiogenesis or tissue graft. [21] [22] [23] EBA appeared to be convenient to organotypic culture such as aortic ring assay that offers with its previously described properties a large potential in the field of angiogenesis assays. 24, 25 EBA also provides a full compatibility with potential complementary experiments carried on the CAM model. Numerous publications report that treatments combining two or three molecules have an improved anticancer effect versus single treatment. To assess the benefit of drug combination, it is necessary to be able to discriminate each drug effect. Most of the recently reported treatment combinations involve a cytotoxic agent. We tested epirubicin at low dose (0.1 mg/ml) to preserve cell viability and migration ability. We also tested sunitinib malate and fingolimod, and their benefits in combination on a rat breast cancer model have already been shown by us. 26 According to our previous results reported on cell cultures and animal models, EBA experiments using aorta rings treated with a single drug resulted in specific inhibition of vascular network depending on the tested drug.
As Matrigel is now among the most popular angiogenesis assays, EBA could represent a very competitive alternative to such ECM, considering its cost. Moreover, Matrigel biological activity has already been described 27, 28 and strongly depends on its composition in growth factors. Experimentally, we faced variability in results in our laboratory that according to us could be because of variations in Matrigel composition depending on the provider or even between production lots of the same provider. On the contrary, with its availability and stability under freezing, egg white makes it possible to stock enough to work with a matrix of constant composition for a long period of time. In practice, it is easy to handle and EBA does not require any specific equipment. Regarding data analysis, egg white slightly increased opacity compared with Matrigel, making phase contrast observation of the cells more hazardous, although this problem can be easily addressed through cell staining with fluorescent probes. We successfully tested Hoechst 33258 and DAPI for nuclear staining as Mitotrackert and PKH26 (Sigma) for cytosol and membrane labeling, respectively. As we already reported, 26 such simple cell labeling enables data acquisition and network characterization, leading to objective antiangiogenic drug evaluation. As we demonstrated with aortic rings, the use of transgenic cells expressing a fluorescent protein such as GFP is of course the best choice for optimum simplicity and accuracy in microscopic observation. Protein expression can also be assessed with immunofluorescent labeling, taking into account that such experiments require that cells have to be fixed and rinsed several times that increases the risk of egg white matrix degradation. In fact, even after heating, egg white matrix is semi-solid like a gel and it keeps its plasticity. On one hand, these properties make it fragile, thus requiring it to be handled carefully. On the other hand, it implies for the cells forming a network to interconnect them with strong but also elastic junctions. This feature could more closely mimic mechanical constraint observed in physiological situations. In addition, we described in EBA a cell network developed in a deeper space (over 1 mm deep) than that we observed in Matrigel. If it represents a difficulty for standard or confocal imaging in which a deep field makes a proper focus hazardous, it suggests that cells are exposed to a gradient of oxygen and nutrient depending on their proximity to the egg white surface. This differential availability of oxygen and nutrient supply is also observed in various organs and is particularly critical for outgrowing tumors containing large necrotic areas.
Previous reports suggested that cell organization in 3D ECM substitute was depending on proteic micropatterns and proposed matrix content adaptation or modification. 29, 30 If it seems complicated to regulate spatial proteic micropattern in Figure 7 Anticancer drug testing in egg white matrix. (a) Aorta sections from GFP-expressing rats were seeded in 24-well plates coated with egg white. (b-d) At 2 days after seeding, aortic rings were treated with epirubicin (EPI, 0.1 mg/ml), fingolimod (FTY, 100 nM), and sunitinib malate (SU, 1 mM), respectively. Image captures and data quantification (e-g) were performed 8 days after seeding. Each treatment was tested in triplicate (*Po0.05, **Po0.01, and ***Po0.001 vs untreated aortic ring, C þ ).
Egg-based assay dedicated to in vitro 3D angiogenesis Y Mousseau et al EBA, the new RAIN-droplet model could address this problem if defined vascular network had to be grown in EBA. In this model, preformed angiogenic network are produced by EC encapsulation in a specific hydrogel that consequently enhances cell growth and defines their starting orientation. 31 In conclusion, as the use of animal models in drug discovery studies presents issues with feasibility and ethical concerns, 32, 33 we believe EBA represents a simple and relevant angiogenic assay. It offers a solution for most of the studies aiming at observing cell migration and organization in a 3D matrix and quantification of antiangiogenic drug properties in a cost-effective manner.
